r 



® 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



© Publication number: 



0 307 073 

A1 



@ 



EUROPEAN PATENT APPLICATION 



i 



© Application number: 88306074.1 
© Date of filing: 04.07.88 



© int. CI. 4 : B28B 3/26 



© Priority: 08.09.87 US 94148 

© Date of publication of application: 
15.03.89 Bulletin 89/11 

© Designated Contracting States: 

AT BE CH DE ES FR GB IT LI NL SE 



© Applicant: Corning Glass Works 
Sullivan Park FR-212 
Corning New York 14831 (US) 

© Inventor: Cunningham, George Meldrum 
2463 Stonecroft Drive 
Horseheads New York 14845(US) 
Inventor: Frost, Rodney Irving 
Powderhouse Road, R.D. No. 2 
Corning New York 14831 (US) 
Inventor: Lachman, Irwin Morris, Dr. 
19 East Fifth Street 
Corning New York 14830(US) 

© Representative: Boon, Graham Anthony et al 
Eikington and Fife Beacon House 113 
Kingsway 

London, WC2B 6PP(GB) 



© Extrusion die for protrusion and/or high cell density ceramic honeycomb structures. 

© Secondary discharge slots (2) are cut into the face (1) of newly made or used extrusion dies such that the 
secondary discharge slots (2) communicate transversely and longitudinally with primary discharge slots (3) but 
do not communicate with the feed holes (7). An extrusion die arrangement is set forth for the production of 
ceramic honeycomb structures which produce a greater number of cells per square inch, protrusions on the cell 
walls, or a combination of both dependent upon the Primary Slots' Volume to Secondary Slots' Volume ratio. 
The secondary discharge slots 2) can produce honeycomb substrates with much greater surface areas, using an 
extrusion die with a significantly reduced number of feed holes (7) and a greater number of discharge slots. 
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EXTRUSION DIE FOR PROTRUSION AND/OR HIGH CELL DENSITY CERAMIC HONEYCOMB STRUCTURES 



Background of the Invention 

Extrusion dies have been found usefui for the production of ceramic honeycomb ^ctures tor -vmm 
catalytic converters in the exhaust stream of interna, combustion engines. As ^J»ofce^ 
honeycomb structures has broadened to catalytic converters in a wider range of engine types and I n 
staTonary emission contro., to chemica, process structures, to refining structures, and » 
systems and uses, the need for ceramic honeycomb structures w,th greater cell density per unrt : o 
ransveL cross-sectiona. area and/or greater geometric surface area per ceil has stramed the usefiulness of 
the current extrusion die technoiogy. The beneficial action of catalytic converters ,s a «u«*on of the surface 
area available to the exhaust stream for interaction with the noxious output of internal combust, on ^engines^ 
S gnificant advances in ceramic honeycomb structure technology may thereby be achieved by increasing 
fhe ce5 densfly (per square inch or centimeter) of the structure or by increasing the surface area per celL 

^li^Xe extrusion die defines the subsequent geometry and pluraiity of longitudinally extending 
cells poTsiS for ceramic honeycomb structure. Therefore, the limits of extrusion d,e technology necessar- 
ilv limits the ceramic honeycomb structure technology. ^m^a 
" Tte dor art containslarious types of extrusion dies. U.S. Patent No. 3.790.654^ d,sc.oses a mach ned 
extrusion die formed from a unitary die block. A plurality of mach.ned or cut. stacked ptees wifr .their 
fongtr dimensions extending in the longitudinal flow direction through the die are disc osed in ^Patent 
Nos 3 790 654 and 4.465.652 as a laminated blade extrusion die to be used to produce the toney c °mb 
s^ructui U S Patent No. 4.550.005 discioses a compound die (i.e. a type having two or more bonded 
o eces whose longer dimensions extend transverse of the longitudinal flow direction through the die) of the 
Spound IteeT^e with a replaceable perforated plate attached on the inlet portions of feed 
Common to all of these extrusion dies are feed holes which communicate with all of the intersecting or 

"'"us 3 S£7 tl*f£Z%M2D show compound dies of the compound slot type witin intersecting 
^i^Z^^mo the feed holes and the intersecting discharge slots. Each wider sons fed 
bv feed holes Each narrower discharge slot is longitudinally fed directly only by one of the wider slots 

' Sane J Unexamined Patent Application Publication 52-8761 shows a feed of the inner ends o the 
discharge slots only through separated lateral connecting passages extend.ng from the inner ends of the 
feed holes and ending at the inner ends of the slots. 

All of these prior art die designs (with the one limited exception) fundamentally re y on feed holes 
lonqmjdina fly aligned and in communication with all of the discharge slots. The prior art teaches the need 
STmmTSS is functionally related to discharge slots by feeding materia, to each ^charge s.o to 
Lre proper batch flow to form fufly knitted honeycomb structures. The relationship of the l«rge .number o 
no.es to total lateral slot expanse in Fig. 8 of U.S. Patent 4.259.057 clearly suggeste. in hghT of ft. _ ofter 
functional teaching, that only a limited deviation from the fundamental prior art teaching , « P^™"^! Z 

har egard. Thus as the number of slots in a die is increased in order to increase the cel. dens * of 
products produced with a die, the prior art teaching requires a commensurate increase in feed holes aligned 
therewith to maintain proper flow. 

Summary of the Invention 

The present invention is directed to a new concept in an extrusion die for forming I honeycomb 
structures with transversely intersecting, interconnected or interlaced cell walls from extrudable mater al 
The ^^concept has the advantage of an additional degree of freedom in die design and it radically alters the 
^^>X£l£d holes and discharge slots. The new die provides a die with secondary discharge 
s!ot usually crisscross or grid-like, fed directly only by the intersecting or cri sscrossm g primary discharge 
sots (i.e. not by the feed holes), which primary slots alone correspond to the slots of pr.or ^ *e designs^ 
Consequently the new die concept affords the freedom to add a substantial number of discharge slots in 
Z To^ T^oonJry slots without increasing the number of feed holes in the die and still maintains the 
proper bateh flow to extrude material through such die to form products with h.gher cell density and/or 
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higher geometric surface area. The essence of the invention is the change in the mechanism of delivery of 
a substantial part of the extrudable batch material, which results in a multitude of economies in die designs. 

One aspect of the invention comprises a die body having an inlet face, an outlet face, and a plurality of 
feed holes extending within the body from the inlet face toward the outlet face. The invention is 
characterized by feed holes which are directly interconnected only with each of a plurality of transversely 
crisscrossed, grid-shaped or interconnected primary discharge slots defined by a plurality of primary core 
members or pins of the body and extending within the body from the outlet face toward the inlet face, with 
inner end portions of the feed holes communicating longitudinally and transversely in overlapping manner 
with inner end portions of the primary discharge slots. The invention is further characterized by the 
improvement comprising secondary discharge slots, usually interconnected, crisscrossed or grid-shaped 
extending within the primary core members from the outlet face toward the inlet face and into direct 
transverse communication only with themselves and the primary discharge slots (so as to provide combined 
transverse and longitudinal flow therebetween). The secondary discharge slots divide the primary core 
members into secondary core members or pins defining the secondary discharge slots. The secondary 
discharge slots extend toward the inlet face but do not directly communicate with the feed holes. The 
secondary discharge slots may be wider than, narrower than or equal in width to the primary discharge 
slots, or a combination thereof. The secondary discharge slots may also have a depth that is shorter than, 
longer than or equal in length to the depth of the primary discharge slots, or a combination thereof. 
Moreover, the widths and/or depths of the secondary slots dividing each primary core member may differ- 
from each other or from at least one other of them as desired. The surprising result of such an extrusion die 
configuration is the capability for increasing the surface area of honeycomb structures by producing 
protrusions or protuberances (partial additional cell walls) on the cell walls, or by causing full knitting of 
additional cell walls for higher cell density, or by a combination of both. 

The invention may also be characterized by a mechanism of extrusion which requires at least two 
25 extrusion zones, but most preferably comprises three extrusion zones when the secondary slots extend 
inwardly from the outlet face a shorter distance than the primary slots. The three zones comprise a feed 
hole zone, an intermediate slot zone, and a terminal slot zone. The feed hole zone begins at the inlet face 
and ends at a transverse collection boundary formed by the inner ends of the primary discharge slots 
where the feed holes begin to overlap in communication with the primary discharge slots. The intermediate 
30 slot zone begins where the feed hole zone ends and ends at a transverse collective boundary formed by 
inner ends of the secondary discharge slots. The terminal slot zone begins where the intermediate slot zone 
ends and ends at the outlet face. The intermediate slot zone does not occur where the secondary slots 
extend inwardly from the outlet face at least equidistant to the primary slots. In this two zone case, the 
terminal slot zone begins where the feed hole zone ends. 
35 The individual primary slot width and/or depth in the intermediate slot zone may be larger than, smaller 
than, or equal to the individual primary slot width and depth in the terminal slot zone, or may be any 
combination thereof. In a case where a primary slot has multiple longitudinal and/or lateral dimensions (e.g. 
different widths and/or depths for different sections of its length), the inner end portion of the primary 
discharge slot with one of the multiple dimensions is defined to be contained within the boundaries of the 
40 intermediate slot zone and the outer end portion of the individual primary discharge slot with the other of 
the multiple dimensions is defined to be within the boundaries of the terminal slot zone to perform the same 
function as a secondary discharge slot. 

It is further contemplated that a plurality of intermediate slot zones may be added to the die to effect 
the end of the instant invention. 
45 The technical effect of the three zone concept becomes apparent in the invention when volume ratios 
are to be calculated between the aggregate volumes of the primary discharge slots and the aggregate of 
the volumes of secondary discharge slots to determine the configuration of the resulting extruded 
honeycomb product. Such ratios, which are functionally related to the viscosity of the extruded material, are 
designed to produce either full knitting or formation of all cell walls, protrusions on cell walls, or a 
so combination of both by material discharged from the secondary slots. When this volume ratio of primary 
slots' volume to secondary slots' volume is a certain minimum value related to a certain viscosity of the 
extruding material flowing through the die, the secondary slots form only additional, fully knitted or formed, 
cell walls, thereby providing more ceils per unit transverse cross-section of the resultant extruded 
honeycomb structure than would otherwise be provided by only the primary slots. Conversely, when such 
55 volume ratio is a certain lower maximum value also related to such certain viscosity, the secondary slots 
form only partial additional cell walls that are protrusions or protuberances on and longitudinally along the 
fully knitted cell walls formed by the primary slots. With the volume ratio between these minimum and 
maximum values for the same certain viscosity, the secondary slots will form a combination of some 
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additional fully knitted cell walls and some protrusions, the nature of which combination can J>e varied as 
desired by varying the noted volume ratio between the aforesaid minimum and max.mum values for the 

Sam r™te V ES, is further exhibited by the ease with which <** S ££^ % 
be incorporated into the new die arrangement. The current invent.on can prov.de .ncreased discharge .state 
without the cost or need for machining additional feed holes. This is extremely useful for smote unrt 
Txtr^sion dies since the machining effort on the inlet face of the die can be reduced by 75% « . now 
pfactSd i the art. Heretofore a common minimum of one-half or one feed hole , ,s = d to each 4 
proportionally associated discharge slot segments forming and extend.ng from an inters act on erf slote^e j 
as in Ros 4-5 of U.S. Patent 3.790,654. The secondary discharge slots here.n disclosed are ed the . batch 
ma eria'by the primary discharge slots which can reduce the ear.ier ratio of 0.125 or 0. ^ hole ■ * 
totaTof proportionally associated primary and secondary discharge slot segments assocated wrth each to a 
lesser ratio, e.g. 0.03125 or 0.0625. respectively. . 

A urtne* advantage to the reduction of the number of required feed holes is a s.gn.ftcant decrease .n 
the ba ^^cMtow impedance over that practiced in the art today since the diameter of the feed holes can be 
arger wSho^loss of rigidity of the die. As the need for higher cel. density substrates has evolved the flow 
impedlnce has risen commensurate* with die complexity, which impacts the produd.cn rate , of ^ he 
honeycomb structure. The new die configuration is less complex, which may help mcrease ttte product.cn 
rate due to lower flow impedance and which does help decrease the machming expense of the d.e. 

tL novel Secondary discharge slots can be cut or designed into laminated, compound, or smgle block 
runitarv) extrusion dies. The preferred embodiment is the single block extrusion die. 
(U TsVsJmaS variation of the length of the discharge slots may be further obtained by rtag* o 
warping the die ouflet face to be convex or concave or otherwise contoured and/or by v*ymg the ^depth of 
cutting of the secondary discharge slots into the outlet face to form a convex concave or otiose 
contoured transverse collective boundary of the inner ends of the secondary discharge ^te^e eflect of 
this technique is the same as varying the volume (or width) of cut from slot to slot without bowing or 
warp no since a variation, transversely across the die. of primary slot to secondary stot volume rate ,s 
SEd It Jio contemplated that such varying of slots' lengths can be combined with varying widths of 

- T^^r^e* from the new die configuration is ^^XZ t 
the extruded material. As the viscosity of the extruding material increases, the tendency for kn.tt.ng s 
gleaS^oug Z d la which would produce protrusions on a lower viscosity materia, and vice versa. Retehve 
viscosity of extrudable batch material flowing through a die is typically and conveniently detemn ned 
Tdirectiy by the extrusion pressure that has to be exerted on a batch to flow it through a d.e to form a 
honewlb o^uct e g the pressure (customarily refened to as "pre-extrusion pressure") . ma preliminary 
extruskT*rgh f-nood le" Sie having holes but no slots for homogenizing the batch (see homogemzer 32 
fn uTplrf888 963). The present specific volume ratio relationships in the examples were determ.ned 
using a bS of clay So anddumina with customary organic binder and lubricant plus ; plasttc^ng water 
as the extruded material which exhibits a preextrusion pressure range between 1350 and 1 TOO psK 

Of course, the capability of an extrudable batch material to flow through a 
known to be related to some necessary differential between the maximum part.de s.ze of the £atc t. and the 
S of the discharge slots of the die. In other words, it is known the maximum particle has to b° 
Sstantially less than the width of the die slots through which the batch has to pass . Exemp ^ 
of suitable differentials are: batch material with maximum particle s.ze of about 200 me sh (0.0 74^ mm 
extrudes through die slots of 8 mils (0.2 mm) width; and batch material w.th maximum part.de s,ze , of at .out 
!S mesh (0 1 25 mm) extrudes through die slots of 26 mils (0.66 mm) width, but not through d.e slots o 8 
mTsTol mm width. An ordinary skilled worker in the extrusion o, honeycomb structures from mju* d s 
knows how to readily determine and select a suitable batch maximum part.de s.ze for any des.red d.e slot 
width, especially with the foregoing exemplary illustrations as a guide . nrnHliri nn a ceramic 

so A further object of the invention is to provide an extrusion d.e capable of producng a ceram,c 
honeycomb structure with 2400 or more cells per square inch. The 2400 cells per square mch d.e can be 

produced new or from a 600 cells per square inch used extrus.on d.e. 

A further object of the invention is to provide an extrusion die where.n secondary slots are formed 
unidirectionally. essentially bisecting the primary core members or dividing a primary core member ,nto two 

55 Se ThTd y ,eTtheTre"e S nt invention disclosed and claimed herein can be ^.^^^ 
extrudable material, such as particulate material, that can be extruded and <£^«£ a useful 
honeycomb shaped product. Such materials include ceramics, cermets, metals, glass-ceram.es. glasses. 
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resins, polymers, organic plastics and the like. 

In a further embodiment of the invention, the inner end portions of the primary and/or secondary 
discharge slots are provided with enlarged extensions constituting feed reservoirs extending along and 
communicating with those inner ends. The reservoirs can have any suitable transverse shape such as 
circular and/or oval, but an especially desirable and novel form of such shape is tear-drop. The latter tear- 
drop shape of reservoir also forms novel invention subject matter in combination with the earlier honeycomb 
extrusion dies without crisscrossing secondary slots. 
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Brief Description of the Drawings 



Rg. 1 is a partial frontal view of the outlet face of one embodiment of the extrusion die of the present 
invention. 

rs Rg. 2 is a partial cross sectional view, taken along line 2-2 of Rg. 1. 

Rg. 3 is a partial frontal view of the inlet face of the extrusion die shown in Fig. 1 . 
Rg. 4 is a partial frontal view of an open end of a honeycomb structure with protrusions made with a 
die of the type shown in Rg. 1 . 

Rg. 5 is a partial frontal view of an open end of a honeycomb structure with knitting of complete cell 

20 walls as made with a die of the type shown in Rg. 1. 

Fig. 6 is a partial frontal view of the outlet face of another extrusion die of the present invention. 
Fig. 7 is a partial frontal view of the outlet face of another extrusion die of the present invention. 
Rg. 8 is a partial cross-sectional view of a compound (feed) extrusion die according to the present 

invention. . 
25 Fig. 9 is a partial cross-sectional view of a laminated (blade) extrusion die according to the present 

invention. 

Rg. 10a is a partial cross-sectional three dimensional view of the die in Rg. 1. 
Rg. 10b is a partial schematic frontal view of the outlet face of the extrusion die of Fig. 10a. 
Rg. 1 1 is a partial cross-sectional view of a die similar to the die of Rg. 2 but containing more than 
30 one secondary discharge slot between adjacent primary discharge slots. 

Fig. 12 is a partial cross-sectional view of a die of the present invention with an oval form of reservoir 

at the inner ends of the slots. 

Fig. 13 is a partial cross-sectional view of one tear-drop form of reservoirs for the present invention. 
Figs. 14 and 15 are partial cross-sectional views of another tear-drop form of reservoirs that can be 

35 used in the present invention. # 

Fig. 16 is a partial cross-sectional view of another compound extrusion die according to the present 

invention. 

Fig. 17 is a partial schematic frontal view of the outlet face of a compound slot die of the present 

invention § 
40 Fig. 18 is a partial cross-sectional view of the compound extrusion die of Fig. 17. 

Rg. 19 is a partial frontal view of outlet face 38 in Fig. 18. 
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Description of the Preferred Embodiments 



In Figs. 1-3 the outlet face 1 is shown comprising a plurality of interconnected, grid-shaped, crisscross, 
secondary discharge slots 2 and a plurality of interconnected, crisscross, grid-shaped, primary, discharge 
slots 3 with both types of slots extending inwardly from the outlet face 1. The primary discharge slots 3 
communicate and interconnect with and feed the secondary discharge slots 2 within the area of the primary 
discharge and secondary discharge slot intersections 4. Two crisscrossing pairs of adjacent parallel primary 
discharge slots 3 produce each square primary core member or pin 5. which extends inwardly from the 
outlet face 1 toward the inlet face 9. Conversely, the slots 3 are defined by the pins 5. A portion of the 
primary core member or pin 5 is divided by the secondary discharge slots 2. which produce square 
ss secondary core members or pins 6 that define the secondary discharge slots 2. The primary discharge 
slots 3 are fed by and in communication with a plurality of feed holes 7 originating at the inlet face 9, which 
holes 7 directly communicate and overlap with the inner ends 11 of the primary discharge slots 3. While 
primary slots 3 are illustratively shown to be wider than secondary slots 2 (whereby such slots respectively 
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faCe Ra 4 shows a representative product made with an extrusion die having an aggregate primary sic A 
'^t'si^:* th. product, o, Figs. 4 and 5 can be ^ K -« < *> 

, 3 - * - - nsrsriss- 

21 comprised of bonded piates 27 and 28. P.ate 27 contains outlet face 

^ CTSiSrilSlS blade die 2 2 comprising a p.ura.ity of die b.ades 29 of J-MJ. 
Patent 4465 652 Each blade 29 comprises a base portion 26C with nb or channel d.v.ders 30 to define 
K iJJSSJS 7C. and primary pins 5 with secondary ^^"^^^^^32: f 
With the blades 29 assembled together, pins 5 define primary discharge slots 3. The bas,c advantages 
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such laminated die and the basic mechanism of its operation are the same as for the unitary die shown in 
Figs. 1-3. 

The calculation of the volume ratio of the aggregate primary slot volume to the aggregate secondary 

slot volume for dies of the present invention is illustrated below in connection with Figs. 10a and 10b. 
s However, the general principles of such calculation as revealed below are readily applied by the skilled 

person to a similar calculation of the volume ratio for any other design of slots and pins in a die of the 

present invention, such as those with primary and/or secondary pins having a transverse cross-sectional 

shape of rectangle other than a square and those shown in Figs. 6-7. 

A convenient way of calculating the volume ratio is to first select a representative slot-containing portion 
w of the die that consists of the smallest unit of repetitive slot-and-pin configuration occurring in the die. In 

Figs. 10a and 10b, secondary pins P1-P2-P3-P4. together with the proportionally associated portions of 

adjacent primary slots 3 and with the mutually bounded portions or segments of secondary slots 2 are the 

smallest unit of repetitive slot-and-pin configuration in the illustrated die having primary and secondary pins 

5,6 of square transverse cross-section where slots 2 divide each primary pin 5 into four secondary pins 6. 
75 That smallest unit is circumscribed in Fig. 10b by the dotted line 36. Since pins Pi-P 2 -P3-P*, relative to 

other surrounding pins 6, are proportionally associated with the adjacent one-half of the four surrounding 

segments of primary slots 3, the dotted line 36 is on the centerline of those surrounding segments. 

In Figs. 10a and 10b: Di is the depth from the outlet face of each secondary slot 2; D 2 is the depth 

from the outlet face of each primary slot 3; Li is the length of a side of each secondary pin 6; L2 is the 
20 length of a side of each primary pin 5 (or the combined width of two secondary pins 6 and of one 

secondary slot 2); L3 is the length of each side of the smallest unit circumscribed by dotted line 36; VYi is 

the width of each secondary slot 2; and W 2 is the width of each primary slot 3. 

For purposes of calculating the slots* volume ratio: (1) the inner ends of the slots 2,3 are assumed to be 

flat or squared off since any modest rounding, tapering or other contouring of the inner ends of these slots 
25 represents an inconsequential effect relative to the volume ratio calculation, and (2) the volume of the 

primary slots 3 is assumed to include the overlapping projection 32 (shown by dotted lines in Fig. 10a) of 

such slots 3 extending longitudinally into the inner portion of holes 7. 

Consequently the respective aggregate slot volumes in the smallest unit circumscribed by dotted line 

36 are defined by the following equations: 
30 Primary Slot Volume = L 2 W 2 D 2 + L3W 2 D 2 ; 

Secondary Slot Volume = 2L1W1D1 + L 2 WiDi. 

The slots 1 aggregate volume ratio is then defined as 



35 



„ . „ . Primary Slots 1 Volume 
Volume Ratio = j « 

Secondary Slots' Volume 



Smallest units of repetitive slot-and-pin configuration in Ftgs. 5-7 are circumscribed respectively by 
dotted lines 33-34-35. Although Fig. 5 is of the extended structure, it nevertheless symbolizes the slot and 
pin configuration that formed it. 

An alternative way to calculate the volume ratio distinguishes volume portions within the primary 
discharge slots. As described above, the end volume portion of the primary discharge slot is included within 
the terminal discharge slot zone 8a and this volume portion, for purposes of calculation and analysis, is 
treated separately from the volume portion of the intermediate discharge slot zone 8b. The reason for the 
separate treatment of the end volume portion of the primary discharge slot is that, for the determination of 
die performance to produce extruded structures with protrusions, higher cell density knitting, or a 
combination thereof, the transverse lateral slot communication and interrelatedness of the discharge slots 
within the terminal discharge slot zone 8a is pivotal. Changes in the volume portion of the discharge slots 
within zone 8a can be made independently from the volume of the primary discharge slot portion within 
zone 8b. Therefore, a meaningful predictive volume ratio may be calculated by dividing, for a smallest 
repetitive unit in the die, the aggregate slots 1 volume in zone 8a by the aggregate slots' volume in zone 8b. 

Fig. 17 shows a partial frontal view of the outlet face of the inventive die. All slots shown are part of 
zone 8a. L3 is the length of each side of the smallest repetitive unit in zone 8a. The batch feed mechanism 
feeds half of the slot width on the perimeter of the repetitive unit and all of the slot widths internal to the 
repetitive unit. Therefore, to calculate the volume in the terminal discharge slot zone 8a repetitive unit, the 
following equation is used: 
Terminal discharge slot zone 8a volume = 
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2LiW 5 Ds + 2L 2 WcDs + L3W5D5 

L2 , s the length of a whole portion of ^^^^^^^^^^ 

ssriw. esws — - - - showin9 - depth of * e 

Fig. 18 was made at the transverse Jteral '^eoto L^Sta^* 8b of the repetitive unit is U and 
b.ock 39. which is shown in ^^^ J^T^zZ 8b of the repetitive unit is L, The 
the slot segment length along the w,dth of the , pnmary ^ ^ {yjme for the 

width of the slot is ^^^^^^"SK.^ calculate the siot zone vo.ume ratio, zone 



WIUUI Ul mo — ' ... _ 

intermediate discharge slot zone 8b is: L 2 W 6 D 6 
8a volume is divided by zone 8b volume or 



Alternate Volume Ratio - - 1 \ W + L,W-b fi 
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different dies. To dncM>> I^J'fS^SL is needed (o relate a ««»e 

purposefully designed to be consistent wrth die needs associated primary and secondary 

The ratio of holes 7 in Fig. 2 to the total number ot p op y & ^ such ^ ^ ufflt 

discharge slot segments ; c an be ' segment means: those segments of 

circumscribed in Fig. 10b by dotted line 38. Pr °P°™™ form tne interse ction and extend outwardly 
slots associated with each intersect on of s '^; ^^f^ slots extending outwardly from other 
from the intersection proportionally to o f^. f ^tfelce to the schematic of F,g. 10b is helpful, 
intersections of the slots. For purposes of <*»%**^ proportionally associated segments. These 
intersection 50 in Fig. 10b with.n repebbve ™t36m eludes « P P e88ent ially the midpoint of the 
segments form a cross extending from the center J'^J?™^ proportionally associated segment 
secondary pin. Each intersection 52 of repet, , £ , ^ I JS£ p ? n ending at the point where the 
which extends from intersection ** t m "Z^££ Stonily, each intersection 52 contains two 
proportionally associated segment of int ejection _ » b gJ^S^£ lonl 54. Therefore, each intersec- 
half proportionally associated segments wh.ch erte ^ m, ^ W ' , ™ associate d segments. Since there are 
ton 52 associated with -P^e ^ <*« P'°P<>rtona«y * M * 

four intersection 52's within repetitave u ^'^J * a determined that each intersection 54 of 
segments within repetitive unit 36 In a ■^J*J D resulting in one proportionally 

repetitive unit 36 contains two half prop ortic J ated S °?" jn th9 secondary pin where the 

associated segment, which begin at "tMB^m 84«d end mid y tjon ^ tnerefore , he .e 

proportionally associated segment ^nte«^ J ^cton 54 within repetitive unit 36. The tota. of 
are four proportionally associated segments re ated to <nte ^ unit 36 overlays two one 

ZZ^^ST^P^^* — unit 36. The ratio of leed holes to 

axtrudate. Aa discussed aboue. ,n»rse« on 54 has ™ J ass0ClaMd seg „.„, s fed by two 

die results in a 75% decrease in the » at .he feu, corn.es =1 unit 38. 



BNSDOCIO- <EP 0307073A1J_> 



EP 0 307 073 A1 



0.0625, which also is a 75% decrease of the ratio that would otherwise exist in the absence of secondary 
slots. Thus, the present invention comprehends such ratio being less than 0.125 and advantageously less 
than 0.1 where at least some of the discharge slots communicate directly with the feed holes. 

Each or some or alternate rows of the primary pins in dies of the present invention may be divided, as 

5 desired for a honeycomb structure wall configuration, by two or more secondary slots extending in at least 
one, in each of several or in each of all of the transverse directions of such secondary slots. One exemplary 
embodiment of this additional feature is shown in Fig. 11. This die contains crisscrossing secondary 
discharge slots 2 midway between adjacent crisscrossing primary discharge slots 3 (comparable to the die 
of Figs. 1-3) and further contains additional crisscrossing secondary discharge slots 2A forming either 

70 square or other rectangular secondary pins 6. All of the slots have the same width. Slots 2A may be 
construed as tertiary slots if they otherwise have a depth (not shown) from the outlet face 1 that is shorter 
than that of the slots 2. In the latter case, the inner ends of the shorter slots 2A (not shown) may collectively 
be construed to define the end of a first layer of the terminal slot zone and the beginning of a second layer 
of the terminal slot zone (where the terminal slot zone begins at the boundary defined by the collective 

75 inner ends of only the longer secondary discharge slots 2). or alternatively, the inner ends of all slots 2 and 
2A may collectively be construed as an undulate shaped boundary marking the end of the intermediate slot 
zone and the beginning of the terminal slot zone. Nevertheless, slots 2 and 2A are in direct transverse 
communication only with themselves and primary slots 3, whereby combined transverse and longitudinal 
flow of extrudable material occurs from slots 3 into slots 2 and 2A as well as between slots 2 and 2A. 

20 Where desired for producing different wall and/or protrusion thicknesses in the extruded product, slots 2 
may be made narrower or wider than slots 2A. 

Where the combined nature of the extrudable material and the specific dimensions of the die are such 
that fully knitted honeycomb structure walls are formed by some or alt of the slots 2 and 2A f some of the 
material during flow into and along slots 2 and 2A from slots 3 will in part further flow (both transversely and 

25 longitudinally) from one to the other of slots. 2 and 2A at their mutual intersections to so form either 
protrusions and/or fully knitted walls emerging at the outlet face 1 from the centermost segments of slots 2 
and 2A dividing each square or otherwise rectangular primary pin 5. 

Figs. 11-15 illustrate a further feature that may be included within a die of the present invention. The 
inner ends of slots 2A in Fig. 11 are provided, with enlarged extensions 31 constituting (preferably 

30 crisscrossing and interconnected) welling or pooling areas or reservoirs to help laterally feed extrudable 
material from slots 3 into the inner ends of slots 2A along their transverse extent. As desired, these 
reservoirs 31 may also be similarly provided (although not shown in Fig. 11) along the inner ends of slots 2 
for essentially the same function. Also, reservoirs 31 may be provided (although not shown in Fig. 11) along 
the inner ends of primary slots 3 (which corresponds to the pooling areas 144,145 in Figs. 19-20 or U.S. 

35 Patent 3.038.201). While Fig. 11 shows a simple form of reservoirs 31 with transverse circular shape, Figs. 
12-15 illustrate some improved shapes of the reservoirs. In Fig. 12. reservoirs 31 A connected in both slots 2 
and 3 have a substantially oval shape transverse to their length, which further facilitates lateral flow of 
extrudable material into all transverse portions of the inner ends of primary slots 3 from holes 7 and of 
secondary slots 2 from primary slots 3. Fig. 13 shows reservoirs 31 B of transverse tear-drop shape to 

40 additionally facilitate combined transverse and longitudinal flow of extrudable material into all inner end 
portions of slots 2. While the tear-drop reservoirs 31 B are relatively short, Figs. 14 and 15 illustrate 
elongated tear-drop shaped reservoirs 31 C and 31 D respectively connected to primary slots 3 and 
secondary slots 2 for the same but enhanced function as that of reservoirs 31 B. Thus, the variously shaped 
reservoirs can be usefully employed as crisscrossing and interconnected extensions of and on the inner 

45 ends of primary and/or secondary slots in dies of the present invention. More over, the novel tear-dropped 
shaped reservoirs can advantageously be so employed in dies not containing any crisscrossing secondary 
discharge slots. 

Since reservoirs 31 (as well as 31 A, 31 B and 31 D) are special inner end extensions of slots 2A (and 2), 
they are functionally part of the terminal slot zone 8a. Accordingly, the reservoirs 31 and the inner ends of 
so slot 2 in Fig. 1 1 collectively form an undulate boundary 24A between the intermediate slot zone 8b and the 
terminal slot zone 8a. 

The compound slot die of Fig. 16 is of the type shown in U.S. Patent 4.354,820 by virtue of the fact that 
plate 37 is bonded to the outlet face 38 of block 39 after wide portions 3B of the primary slots have been 
formed in block 39 to directly communicate with holes 7. After plate 37 is so bonded, narrow portions 3A of 
55 the primary slots and secondary slots 2 are cut into plate 37 from the outlet face 1. The result is a die 
having primary slots with narrow outer portions 3A communicating at 11 A with wide inner portions 3B. While 
secondary slots 2 are shown to have a depth shorter than the depth of portions 3A. slots 2 can as desired 
be made of equal depth to that of portions 3A. In either case, portions 3A and slots 2 can be construed as 
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being in the terminal slot zone having an undulate collective boundary of their inner ends ™^**J"* 
of the intermediate slot zone. The ends of slot portions 3B that overlap holes 7 can be flat or squared off as 
at 1 1 or rounded as at 1 1 C or otherwise suitable contoured by suitable slot cutting apparatus. 

Th below examples are intended as expansive of the invention by way of ^^^^Z 
intended as a limitation of the invention. Neither is a limit placed on the mclus.on of additional layer(s) or 
terminal slot zone(s) resulting in a terminal multilayer feeding mechanism. 



TO 



75 



20 



Example 1 



A used die was obtained and machined with the following d.mensions. The ^^.V** 
dimensions per slot were .053 inches (1.14 mm) in length U. .008 inches <.20 mm) ,n width andJ3 inches 
mm) in depth. The secondary discharge slot dimensions were^SI inches £ ^ length U. 
008 inches (.20 mm) in width, and .040 inches (1.02 mm) in depth. The resultant «• ^ 

and the ratio of the total number of feed holes to total number of proport.ona.ly associated discharge slot 
segments was 1 to 16. The resulting substrate exhibited the honeycomb structure w.th protrusions on the 
walls of each side of each unit cell as shown in Fig. 4. 



Example 2 



25 



30 



A second die was machined using the EDM wire cutting process for cuffing slots with the »ed.ate 
slot volume the same as in example 1. The secondary discharge slot dimens.ons per slot were the same as 
fn example 1 except the depth was cut to .075 inches (1.91 mm). The resultant Volume Ratio was 2.07 and 
L raTo of the tS number of the feed pathways to total number of proportionally associated d,scharge slot 
Omenta was to 16. The ceramic substrate extruded through this die exhibited full kn.tt.ng as exempted 
^unU ce«7l7 in Fig. 5. The full knitting produced by this die resulted in a 1600 per square MKhOTW 
substrate with four times the number of unit cells produced by the same d.e pnor to machimng the 
discharge slots. 



as 



40 



45 



Example 3 



The primary discharge slot dimensions per slot in this die were .043 inches (1.09 mm) long as L 3 , .009 
inches (23 mm) wide, and .112 inches (2.97 mm) deep. The secondary discharge slot d.mens.ons per slot 
were 035 incnes (1.09 mm) long as U, .009 inches (.23 mm) wide, and .060 inches (1*2 mm), The 
resultant Volume Ratio was 2.55. This die produced a ceramic substrate with a honeycomb structure w,th 
Sh pluses and full knitting. The protrusions varied in size from smaller 

protrusions 14 shown in Fig. 4. The full knitting in the substrate would have produced 2400 cells per square 
inch. Sample 5 produced results similar to this example. 



Example 4 



50 



55 



The orimarv discharge slot dimensions per slot in this die were .075 inches (1.91 mm) long as U. .012 
inches (SoU?) 3£ and ^ inches (1.80 mm) in depth. The secondary discharge slot dimensions per 
sto we e OsTlhe .80 mm) long as L 2 . .012 inches (.30 mm) wide, and .109 inches (2 .77 mm) in depth. 
The Vo ume Ratio was.1.58. The resulting ceramic substrate was fully knitted to 800 cells per square mch. 
Due to the increased width of the discharge slots in the terminal slot zone, the ceil walls of the substrate 
were thicker. 
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Example 5 



The primary discharge slot dimensions per slot in the Example 5 die were .106 inches long as L 3 (2.69 

s mm), .008 inches wide (.20 mm), and .127 inches (3.23 mm) in depth. The secondary discharge slot 
dimensions per slot were .098 inches long as L 2 (2.69 mm), .012 inches wide (.30 mm) wide, and .05 
inches (1.27 mm) in depth. The Volume Ratio was 2.12. The resulting ceramic substrate was fully knitted 
with cell wails alternating in wall thickness with a 400 cell per square inch cell density. 

The results of these examples indicate that the Volume Ratio of the Primary Slot Volume to the 

10 Secondary Slot Volume is a significant parameter to design for the production of a substrate extruded 
through the inventive die. Both widths and depths may be varied to provide the desired ratios. Nowhere in 
the prior art is such a ratio considered significant to the extrusion die technology. 

Examples, but not intended as limitations to the invention, of ceramic honeycomb structures with porous 
walls that may be produced by the novel die approach, are shown in Fig. 4 and Fig. 5. Fig. 4 shows a 

75 portion of a 400 cell per square inch honeycomb structure with a plurality of protrusions produced on the 
sides of the unit cell walls. This plurality of protrusions is produced during the extrusion of the ceramic 
honeycomb and is a result of a particular slots' volume ratio aspect of the new die configuration as 
described above. The protrusions are the result of incompletely formed unit cell walls which add a minimum 
of 5% surface area to the surface area of the protrusion connected unit cell wall. 

20 Fig. 5 shows the result of effectively extending the plurality of protrusions so that the protrusions fully 
knit together to form additional complete walls within the former unit cell thereby quadrupling the number of 
unit cells and substantially doubling the wall surface area within a prior art unit cell that is formed only by 
primary slots. Additional honeycomb structure designs will mirror the designs represented in Fig. 6 and Fig. 
7. Fig. 6 shows secondary slots 2A bisecting each 90* angle between intersecting primary slots 3, which 

25 produces the mirror image ceramic honeycomb structure with walls that bisect each 90° angle of each prior 
art unit celt wall (resulting from only primary slots) quadrupling thereby the number of unit cells over the 
prior art and producing unit cells of triangular transverse cross-section. Fig. 7 shows a triangular die 
configuration which produces the mirror image ceramic structure. The product of such a die is a. triangular 
ceramic honeycomb structure with about two times the number of cell wall area and four times as many 

30 unit cells over the prior art unit cell formed by only the primary slots. 

Machining the discharge slots may occur by plunge electrical discharge machining, electron beam 
milling, slitting saw cutting, or electrical discharge machining (EDM) wire cutting. The preferred machining 
technique is the EDM wire cutting process. The EDM process requires a machine tool apparatus with an 
electric hydraulic servo system and power unit which supplies a pulsating high frequency, DC current to the 

35 electrode. During the machining operation the electrode and workpiece are immersed in a dielectric which 
maintains a gap between the electrode and the workpiece. The gap or overcut depends on the operating 
voltage and current. The preferred method of the EDM process for cutting the discharge slots in the die 
workpiece is by an EDM wire with deionized water used as the dielectric. The size of the slot volume is 
defined by the size of the EDM wire, the voltage, the amperage, the width and depth of cut. and the cutting 

40 rate. A numerical control program based on the center distance was written and entered into the 
programmable Electrical Discharge Machine. The program controls the machine operation to insure the 
accuracy of slot cutting to within a few ten thousandths of an inch and to avoid bending or breaking either 
the primary or secondary core members. The die was then placed in an extrusion press and a ceramic 
body extruded through the die. 

45 The secondary discharge slot can be cut into an existing used die or can be designed into a new die. 
Prior to the secondary discharge slot cut, the Volume Ratio between the Primary Slots' Volume and the 
Secondary Slots 1 Volume should be considered to produce the desired honeycomb substrate. The Volume 
Ratios of the Primary Slots' Volume to the Secondary Slots 1 Volume can determine whether protuberances, 
knitting of cell walls or a combination of both protrusions and knitting will be obtained. Table 1 is illustrative 

so of the volume ratio relationship. 
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Table 1 



Primary Slots' Volume to 


Secondary Slots 1 Volume 


Die 


Volume 


Result 


Sample 


Ratio 




1 


3.83 


Protrusions 


2 


2.07 


Knitted 


3 


2.55 


Both 50% 


4 


1.58 


Knitted 


5 


2.12 


Knitted 



Table I indicates three knitted volume ratios which provide a range of relative volumes for the primary 
slots 'and JSSZSZ GeneraUy, when the Primary S.ots' Vo.ume to the Secondary Slots' Volume .ratio 
fs qreater than 3 0. protrusions are formed: when less than 2.25, knitting occurs; and when between 
apprSmateTy 2-25 and 3.0. a mixture of protrusions and knitting occurs. At a Vo.ume Rat,o approach.ng 
2 0 thTlfmi of obtaining knitting or knitting and protrusions is reached when a mixture of clay tele and 
^ium na i extn.ded. Since the Primary Slot Vo.ume to the Secondary Slot Vo.ume rate ££d*™£ 
prior to die cutting, a systematic arrangement with ratios of varying d.mens.on can be ^n»ratod into a 
single die unit. Th* systematic arrangement may be tai.ored to the needs of the exhaust stream or filterable 
material to produce a honeycomb substrate with both knitting and protrusions. 

Tabll 2 shows the same data as that presented in Table 1 for purposes of iHustrating the aiternate way 
of calculating volume ratios. 

Table 2 



Die 


Aiternate 


Result 


Sample 


Volume Ratio 




1 


1.67 


Protrusions 


2 


4.16 


Knitted 


3 


3.60 


Both 50% 


4 


4.89 


Knitted j 


5 


5.71 


Knitted j 



The Alternate Volume Ratios indicate that when the volumes of zone 8a is less than tw.ee the , volume ><a 
zone 8o protrusions result, when the Alternate Vo.ume Ratio is greater than 4 or there js 4 t,mes the volume 
fn zone £ asln zone 8b knitting results, and when the Aiternate Vo.ume Ratio is between 2 and 4 both 

PT X^^~ of flow through the extrusion die advances extrusion c 

prior art dies feed discharge slots directly from feed holes with a common m.n.mum rat.o of 1 ^feed ^hole for 

each 4 proportionally associated discharge slot segments between slot mtersect.ons and forrron an 

fntersection of slots. This technique relies heavily on the burdensome technology of mach.mng , feed h dm. 

By the inventive mode herein presented as much as 75% ^wer feed holes are requ.recL In 

holes are .arger and as a consequence are much easier to mach.ne. Machmmg slots into dies ,s a much 

more controHably precise process. As above disclosed, slots may be mach.ned to wrth.n a few ten 

Zsandtt of an Zlu of specified location and size. Machining primary discharge slots and secondary 

discharge slots results in a more precisely machined extrusion die capable of producmg mcreased surface 

area honeycomb structures with a significantly decreased number of feed holes. 

The inventive extrusion die feeds secondary discharge slots transversely and long tud nally w * and 
directly from primary discharge slots. The advantages of this phase of the mechan.sm of extrus.on flow are 
Z p eduction of honeycomb structures with protrusions, increased unit cells per square «A«b* 
protrusions and increased cells per square inch. The additional change in the extrus.on d,e , fiow .echan.sm 
is that the feed holes longitudinally and transversely feed primary d.scharge slots but do not d.rectly 
communicate with the secondary discharge slots. The advantage of this phase of the mechanism is a 
d ~ed number o feed holes" to be machined per number of proportionally associated s.ot segments. 
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The decreased number of feed holes of somewhat larger diameter then heretofore decreases batch flow 
impedance and reduces die manufacturing costs. It is the combined transverse and longitudinal feed of 
interconnected primary discharge slots by the feed holes and the primary discharge slots transversely and 
longitudinally feeding secondary discharge slots which provide the enhanced economics of the inventive 
5 die. 

It is further contemplated that the mechanism of extruding batch flow material is enhanced by the 
addition of welling or reservoir volumes 31. Fig. 11 shows the placement of the additional volume areas 
within the interior of the die body at the end portion of the secondary discharge slots 2A within the terminal 
slot zone 8a and at the boundary 24A with the intermediate slot zone 8b. The addition of the welling or 

10 reservoir volume 31 increases the residence time of batch flow material within the secondary discharge 
slots 2A to insure filling the entire slots volumes. 

The addition of the welling or reservoir volume 31 increases the available flow of batch material in the 
interior portion of the die body. The increased interior batch flow may be then channeled into the secondary 
slots 2 herein disclosed or may be channeled into additional secondary slots 2A machined into the outlet 

7S face of the die. Fig. 11 shows the addition of discharge slots 2A which may be also fed by the secondary 
discharge slots 2 as well as with the added welling or reservoir volume 31. It is further contemplated that 
additional slots may be fashioned into the face to form additional cell walls and/or protrusions. The limit of 
discharge slots which may be added to the outlet face of the novel die is the limit of extrudable material, 
based on its viscosity and particle sizing, which may be delivered to the slots as well as the ability to 

20 machine the die face with slots and simultaneously maintain the integrity and strength of the plurality of 
core members or pins required to define said discharge slots. 



Claims 

25 

1. An extrusion die for forming honeycomb structures with intersecting cell walls from extrudable 
material, which comprises 

a die body having an inlet face and an outlet face, 

a plurality of feed holes extending within the body from the inlet face toward the outlet face. 
30 the feed holes directly communicating only with each of a plurality of transversely crisscrossed primary 
discharge slots defined by a plurality of primary core members of the body and extending within the body 
from the outlet face toward the inlet face, with inner end portions of the feed holes communicating 
longitudinally and transversely in overlapping manner with inner end portions of the primary discharge slots, 
and 

35 characterized by the improvement comprising secondary discharge slots extending within the primary core 
members from the outlet face toward the inlet face and into direct transverse communication with the 
primary discharge slots, the secondary discharge slots dividing the primary core members into secondary 
core members defining the secondary discharge slots, and said secondary discharge slots not directly 
communicating with said feed holes. 

40 2. An extrusion die as defined in claim 1 wherein the secondary discharge slots extend inwardly from 
the outlet face a shorter distance than that of the primary discharge slots, or the secondary discharge slots 
extend inwardly from the outlet face a longer distance than that of the primary discharge slots, or the 
secondary discharge slots extend inwardly from the outlet face an equal distance to that of the primary 
discharge slots, or the secondary discharge slots extend in a combination of at least two of said shorter, 

45 longer, or equal distance from the outlet face. 

3. An extrusion die as defined in claim 1 which comprises three extrusion zones wherein a feed hole 
zone extends inwardly from the inlet face and ends at a transverse collective boundary formed by the inner 
ends of the primary discharge slots where the feed holes begin to overlap in communication with the 
primary discharge slots an intermediate slot zone begins where the feed hole zone ends and ends at a 

so transverse collective boundary formed by inner ends of the secondary discharge slots, and a terminal slot 
zone begins where the intermediate slot zone ends and extends to the outlet face. 

4. An extrusion die as defined in claim 3 wherein the portions of the primary discharge slots within said 
terminal slot zone are wider than the portions of the primary discharge slots within the intermediate slot 
zone, or narrower than the portions of the primary discharge slots within the intermediate slot zone, or of 

55 equal width to the portions of the primary discharge slots within the intermediate slot zone, or are a 
combination of at least two of said wider, narrower and equal width. 



13 



BNSDCCID: <EP. 



_O307073A1_1_> 



EP 0 307 073 A1 



10 



15 



20 



3HS r is 5 SSSsss = 

from the outlet face; and A yt e nds inwardly from the inlet face and 

•^rjrss: s "sr-ir^ « ~ — . — -» — «. 

S " f„ cS" ,n *. PH W co,o ™ mte . S and « aecond«y « 
^SfLuafon * - doflnod in olaim .2 v»h=,a,n ft. ptifoan, oota m«*« » a*- m « 

^Te^slon dfe as d.finod In el*. 1 ft. «*-» .«.«•. W9»» "°*"» « >"= 

JtS;S££lS!2i « ssg ™ n,s B9W " e " s '°' in,e,sec,i ° ns ana y 

m emLt iTSSlS by at toast two socoodary * exuding in ™J~r™> d,reaK " 
« stoonda-y slots oxteodln, in oaoh of the transversa dictions of the secondao- slots. 



25 



30 



14 



: <EP. 



0307073A1_I_> 



EP 0 307 073 A1 



25. An extrusion die as defined in claim 22 wherein at least one of said at least two secondary 
discharge slots extending in said one direction is wider than, narrower than or of equal width to the width of 
the other of said at least two secondary discharge slots, or is a combination of at least two of said wider, 
narrower and equal width. 

5 26. An extrusion die as defined in claim 22 wherein at least one of said at least two secondary 
discharge slots extending in said one direction is longer than, shorter than or of equal depth to the length of 
the other of said at least two secondary discharge slots, or is a combination of at least two of said longer, 
shorter and equal depth. 

27. An extrusion die as defined in claim 1 wherein the inner ends of some or all of the secondary 
io discharge slots, or of some or ail of the primary discharge slots, or of some or all of both the primary and 

the secondary discharge slots, are provided with enlarged extensions constituting feed reservoirs extending 
along and communicating with said inner ends. 

28. An extrusion die as defined in claim 27 wherein the reservoirs are crisscrossing with and 

interconnected to each other. 
75 29. An extrusion die as defined in claim 27 wherein the reservoirs have a transverse circular shape. 

30. An extrusion die as defined in claim 27 wherein the reservoirs have a transverse oval shape. 

31. An extrusion die as defined in claim 27 wherein the reservoirs have a transverse tear-drop shape. 

32. An extrusion die for forming honeycomb structures with intersecting cell walls from extrudable 
material, which comprises 

20 a die body having an inlet face and an outlet face, 

a plurality of feed holes extending within the body from the inlet face toward the outlet face, 

a plurality of transversely crisscrossed discharge slots extending within the body from the outlet face toward 

the inlet face, 

inner end portions of at least some of the slots directly communicating with inner end portions of the feed 
25 holes, and 

the ratio of the number of feed holes to a total number of proportionally associated discharge slot segments 
between slot intersections and mutually extending to form an intersection of slots is less than 0.125. 

33. An extrusion die for forming honeycomb structures with intersecting cell walls from, extrudable 
material, which comprises 

30 a die body having an inlet face and an outlet face, 

a plurality of feed holes extending within the body from the inlet face toward the outlet face, 

a plurality of transversely crisscrossed discharge slots extending within the body from the outlet face toward 

the inlet face, 

inner ends of at least some or all of the slots being provided with enlarged extensions constituting feed 
reservoirs extending along and communicating with said inner ends, said reservoirs directly communicating 
with inner end portions of the feed holes, 

inner ends of any slots without the enlarged extensions directly communicating with the inner end portions 
of the feed holes, and 

characterized by the improvement comprising said reservoirs having a transverse tear-drop shape. 

34. An extrusion die as defined in claim 1 wherein the Alternate Volume Ratio of the aggregate volume 
of the slots in the terminal slot zone to the aggregate volume of the slots in the intermediate slot zone is of 
a value to cause the extrudable material discharged from the secondary slots to be in the form of only fully 
knitted cell walls or of only protrusions on and longitudinally along the cell walls or of a combination of said 
fully knitted cell walls and said protrusions. 

45 35. An extrusion die as defined in claim 1 wherein the Alternate Volume Ratio of the aggregate volume 
of the slots in the terminal slot zone to the aggregate volume of the slots in the intermediate slot zone is 
less than 2. 

36. An extrusion die as defined in claim 1 wherein the Alternate Volume Ratio of the aggregate volume 
of the slots in the terminal slot zone to the aggregate volume of the slots in the intermediate slot zone is 

so more than 4. 

37. An extrusion die as defined in claim 1 wherein the Alternate Volume Ratio of the aggregate volume 
of the slots in the terminal slot zone to the aggregate volume of the slots in the intermediate slot zone is 
between 2 and 4. 

38. An extrusion die for forming honeycomb structures with intersecting cell walls from extrudable 
55 material, which comprises 

a die body having an inlet face and an outlet face, 

a plurality of feed holes extending within the body from the inlet face toward the outlet face, 

the feed holes directly communicating only with each of a plurality of transversely crisscrossed primary 
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